The mechanisms underlying chronic obstructive pulmonary disease (COPD) remain unclear. MicroRNAs (miRNAs or miRs) are small non-coding RNA molecules that modulate the levels of specific genes and proteins. Identifying expression patterns of miRNAs in COPD may enhance our understanding of the mechanisms of disease. A study was undertaken to determine if miRNAs are differentially expressed in the lungs of smokers with and without COPD. miRNA and mRNA expression were compared to enrich for biological networks relevant to the pathogenesis of COPD. Methods Lung tissue from smokers with no evidence of obstructive lung disease (n¼9) and smokers with COPD (n¼26) was examined for miRNA and mRNA expression followed by validation. We then examined both miRNA and mRNA expression to enrich for relevant biological pathways.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a worldwide epidemic primarily attributable to the effects of cigarette smoke. It is a heterogeneous disease defined by airflow limitation that is not fully reversible and an abnormal inflammatory response of the lung to noxious stimuli. 1 Mechanisms implicated include those directly attributable to the effects of cigarette smoke such as cellular injury, inflammation and abnormal repair. 2 MicroRNAs (miRNAs, miR) are one member of a family of small non-coding RNAs (approximately 21e25 nucleotides long) encoded in the genome of organisms ranging from animals and plants to viruses. 3 These molecules represent components of the human genome that were previously thought to be non-functional. miRNAs are integral to key biological functions and modulate both gene and protein levels by either destabilising transcripts or inhibiting protein translation. Given the relative redundancy of complementary sequences between miRNAs and their target mRNA, single miRNAs have the capacity to regulate tens to hundreds of genes simultaneously. In fact, it is estimated that miRNAs may target up to one-third of the transcriptome. 4 miRNA deregulation has been implicated in the pathogenesis of several diseases including both haematological and solid malignancies. miRNA expression patterns in primary tumour tissues, blood, sputum and urine are being investigated as biomarkers for both diagnosis and prognosis in disease. These miRNA signatures may eventually be applied to clinical practice. Our knowledge of the role of miRNAs in the pathogenesis of lung
Key messages
What is the key question?
< Chronic obstructive pulmonary disease (COPD) is a worldwide health crisis mostly attributable to cigarette smoking. < The precise mechanisms underlying COPD development are not clear, but genomic and proteomic studies are improving our understanding of the pathogenesis of this disease. < Researchers have identified abnormal expression of microRNAs (miRNAs or miRs) in several types of cancers, but our knowledge of the significance of these small molecules in diseases other than cancer including COPD is just emerging.
What is the bottom line and why read on?
< 70 miRNAs that were differentially expressed in lung tissue from smokers without COPD and those with COPD (GOLD stages 1, 2 and 4) were identified. < The correlation between differentially expressed miRNAs and genes suggests potentially functionally relationships that may contribute to the pathogenesis of COPD.
< Additional data are published online only. To view these files please visit the journal online (http://thorax.bmj.com/content/ 67/2.toc).
disease is rapidly expanding, and miRNAs appear to be important in maintaining homeostasis during lung development and may have a pathogenic role in lung disease. 5 6 In addition, miRNAs may be involved in the regulation of inflammation in the lung in response to exogenous stimuli in animal models. 7 8 Little is known regarding the role of miRNAs in COPD. Two studies have investigated the effects of cigarette smoke on miRNA expression. 9 10 In the first study 24 miRNAs were significantly downregulated between smoke-exposed rats and sham groups. 9 In the second study the effects of smoke exposure on miRNA expression in mice were investigated. 10 The majority of deregulated miRNAs in this study were also downregulated.
Similar studies are being conducted in specific cell types in smokers and subjects with COPD. Schembri et al compared miRNA and mRNA expression in airway epithelial cells from smokers versus never smokers.
11 Twenty-eight miRNAs were differentially expressed, with the majority downregulated in smokers. Sato et al examined the expression of miR-146a in fibroblasts from subjects with and without COPD.
12 miR-146a expression in cultured fibroblasts was reported to correlate with COPD severity as assessed by expiratory airflow.
Our goal in this study was to determine if miRNAs were differentially expressed in the lungs of patients with COPD and if miRNA expression may be linked to mRNA expression and thus biological pathways relevant to the pathogenesis of COPD. We compared miRNA and mRNA expression patterns in lung tissue from subjects with different Global Initiative for Obstructive Lung Disease (GOLD) stages of COPD and smokers without airflow limitation. We enriched for predicted miRNA targets in our group of deregulated mRNAs. Lastly, we identified transforming growth factor (TGF)-b, Wnt and focal adhesion pathways as potential pathways in which miRNAs may be relevant to the pathogenesis of COPD.
METHODS
Additional details of methods are shown in the online supplement.
Subject selection
Thirty-five tissue samples were procured through a Lung Tissue Research Consortium approved project (#07-99-0008) for the purposes of miRNA and mRNA analysis. Clinical information available for the subjects included age, gender, height, weight and smoking history. Test results including spirometry, pathological diagnosis and the results of the St George Respiratory Questionnaire health surveys were available.
Tissue processing and RNA isolation
Total RNA was isolated from frozen tissue samples using a freeze fracture protocol, followed by Trizol extraction and precipitation at À208C overnight to increase the yield of small RNAs. RNA integrity was determined by capillary electrophoresis on an Agilent 2100 Bioanalyzer. Only RNA with an integrity number $7 was used in the profiling studies.
miRNA microarray miRNAs were profiled in subjects with COPD (N¼19) and normal smokers (N¼8) using Exiqon miRNA microarrays according to the manufacturer's instructions (Exiqon, Woburn, Massachusetts, USA). The labelled miRNA probes were hybridised to the miRCURY LNA arrays v.11.0 for 16 h at 568C. After hybridisation the arrays were washed and scanned at 5 mm resolution using a ScanArray Express (Perkin Elmer, Waltham, Massachusetts, USA).
Messenger RNA microarray
Samples were prepared for mRNA microarray analysis using Agilent Quick Amp Labeling technologies (Santa Clara, California, USA). Hybridised slides were then washed and scanned with ScanArray Express (Perkin Elmer).
mRNA and miRNA microarray data processing For mRNA data, raw intensities from all samples were merged, normalised using the quantile method and transformed into log 2 scale. 13 Present probes with mean intensity over all samples larger than the global mean intensity were chosen and used for Figure 1 Hierarchical clustering result of differentially expressed microRNAs (miRNAs) in lungs from subjects with chronic obstructive pulmonary disease (COPD) compared to smokers without COPD. Exiqon miRCURY LNA microRNA Array v11 was used for miRNA expression profiling. Seventy differentially expressed miRNAs (DEmiRNAs) were identified between COPD samples (n¼19) and smokers without obstruction (n¼8) which showed a positive false discovery rate <0.05 and fold changes >61.5 using the LIMMA method.
further statistical analysis. LIMMA 14 and QVALUE 15 R packages were used to perform statistical testing of differential mRNA and miRNA expression between control smoker and COPD samples and to compute the positive false discovery rate (pFDR), respectively. Present probes were used for statistical testing to increase the ratio of true positives to false positives, 16 and differentially expressed mRNAs and miRNAs were defined as having a pFDR <0.05 with at least 61.5-fold change between the groups.
Quantitative reverse transcription PCR validation
Independent assays were performed using quantitative reverse transcription PCR (qRT-PCR) on all patient samples for individual miRNA (miR-15b, miR-223, miR-1274a and miR-424) and mRNA (telomerase associated protein 1 (TEP1), interleukin 6 (IL-6), catalase (CAT) and mothers against decapentaplegic homologue 7 (Drosophila) (SMAD7) (Applied Biosystems, Foster City, California, USA). All RT-PCR experiments were performed in three independent experiments conducted in triplicate on all study samples. Data were presented relative to either 18s for mRNA or U43 for miRNA based on calculations of 2 (ÀDCt) . Statistical significance was defined as p<0.05 as measured by the Student t test or ANOVA (see tables E1 and E2 in online supplement for sequences of miRNA and mRNA probes).
Functional enrichment study
In order to identify Kyoto Encyclopedia of Genes and Genomes (KEGG) 17 pathways associated with a set of genes, we used DAVID 18 and obtained the list of enriched pathways. Their p values were computed by a modified Fisher exact test called the EASE score method. 18 
Target prediction and network analysis
Predicted target genes for miRNAs were obtained using TargetScan v5.1, PicTar and miRanda. For differentially expressed miRNAs, all predicted targets in human genes and predicted targets overlapping with differentially expressed genes were used to perform KEGG pathway enrichment analysis. To describe the potential relationship between differentially expressed genes and miRNAs in a KEGG pathway, the predicted miRNA gene pairs from TargetScan showing negative expression correlations (<À0.5) were incorporated into the pathway diagram. A modified KEGG pathway diagram was generated using Cytoscape. 
In situ hybridisation and co-localisation
Co-localisation analyses of SMAD7, cytokeratin AE 1/3 and miR-15b expression were conducted as previously described. 20 After development the slide was analysed with the Nuance system (Cambridge Research and Instrumentation, Hopkinton, MA). The Nuance system converts the blue and brown signals to fluorescent blue and red, respectively, then mixes them to determine if a given cell contains both targets. The negative controls were the omission of the probe and the use of a scrambled probe, as previously described. 20 
Transfection studies and western blot analyses
Details of transfection studies and western blot analyses are shown in the online supplement.
TGFb treatment
Beas2B cells were transfected with either scrambled or premiR15b as described above. 72 h after transfection the cells were starved for 6 h followed by treatment with TGFb (5 ng/ml; Sigma, St Louis, Missouri, USA). The cells were harvested at 10, 15 and 30 min and assessed for phosphorylated SMAD 3 protein expression (Cell Signaling, Danvers, Massachusetts, USA).
Migration assay
The migration rate was assayed using the IBIDI culture insert (München, Germany). Images were taken on an Olympus IX81 immediately (time 0) and again at 8 and 24 h. Seven random widths were measured across the wound at time 0. The number of pixels was converted to microns and the line was then superimposed onto the subsequent time points. The mean and SD of the seven lines was calculated using ImageJ software to determine the distance of wound closure. Experiments were performed in triplicate.
RESULTS

Study subjects
Tissue samples were obtained from subjects with GOLD stages 1, 2 and 4 COPD (N¼26) and from smokers without evidence of obstruction (N¼9) from the Lung Tissue Research Consortium. There were no pathological or clinical diagnoses of cancer across the COPD or control tissue specimens. GOLD stage 4 tissue was obtained from explanted lungs. Tissue from smokers without airflow obstruction and GOLD stages 1 and 2 tissue was obtained mainly by wedge resection with pathology showing no evidence of cancer. Demographic information is presented in table 1 with accompanying summary statistics for each group.
There was an overall difference between the mean ages of all subjects (p<0.0001). Subjects with GOLD stage 4 COPD were younger than those with GOLD 1 COPD (p<0.001), GOLD 2 COPD (p<0.001) and smokers without airflow limitation Figure 3 Hierarchical clustering result of differentially expressed genes in subjects with chronic obstructive pulmonary disease (COPD) compared with smokers without COPD. There were 2667 differentially expressed genes between subjects with COPD (N¼23) and smokers without COPD (N¼9). Hierarchical clustering result showed the clear separation of COPD patient samples from smokers without COPD samples. Normal: smokers without airflow limitation. 
MicroRNAs are differentially expressed between COPD and control lung tissues
Seventy miRNAs were differentially expressed between COPD tissue (N¼19) and tissue from smokers without airflow limitation (N¼8), as shown in figure 1 . Thirteen miRNAs were downregulated in COPD tissue and 57 were upregulated. miR-223 and miR-1274a were increased in expression by nearly threefold in COPD samples compared with smokers without airflow limitation (table 2) . miR-923 had an average decrease in expression of fivefold in COPD tissue compared with tissue from smokers without airflow limitation (table 3) .
QT-PCR validation of differentially expressed microRNAs between COPD and control lung tissues
We validated miRNAs (miR-15b, miR-223, miR-1274a and miR-424) by qRT-PCR, as shown in figure 2 . miR-223 and miR1274a were chosen for further validation based on dramatic increases in expression in COPD samples. miR-15b and miR-424 were chosen for validation based on target prediction results and the potential role of these miRNAs in enriched pathways including TGF-b. The expression of miR-223, miR-1274a, miR-15b and miR-424 was verified by quantitative PCR between all COPD samples (n¼26) and all tissue samples from smokers without airflow limitation (n¼9) and found to be of statistical significance (figure 2). 
qRT-PCR validation of differentially expressed genes between COPD and control lung tissues
The levels of IL-6, TEP1, CAT and SMAD7 were selected to be verified by qRT-PCR (figure 4). SMAD7, which has been investigated in the pathogenesis of COPD, 21 was markedly decreased in expression based on microarray analysis and validated by qRT-PCR (figure 4). As previously described in the literature, IL-6 22 23 was increased in COPD samples compared with smokers without airflow limitation, while CAT 24 was decreased. TEP1, a mammalian protein that is associated with telomerase activity, was significantly increased in expression in our COPD samples compared with controls ( figure 4) . Matrix metalloproteinase-9, 25 tumour necrosis factor a-induced protein 3 (TNFAIP3), 26 CSF3 27 and thrombospondin-1 (THBS1) 28 were also validated as increased in COPD samples compared with smokers without airflow limitation (data not shown).
TGFb and WNT pathways are enriched by miRNA and mRNA expression profiling
We identified putative miRNA interacting targets using Targetscan, miRanda and PicTar which revealed interacting pairs between differentially expressed miRNAs (DEmiRNAs) and differentially expressed genes (DEGs). Among these pathways, Wnt, TGFb signalling and focal adhesion pathways were significantly enriched by DEGs themselves and DEmiRNA-targeted DEGs predicted by three methods (see table E4 in online supplement).
Studies to date suggest a role for TGFb in the pathogenesis of COPD, 29 and there are also current reports linking the Wnt pathway to COPD. 30 In figure 5 , THBS1, inhibin b B (INHBB),
Rho-associated coiled-coil containing protein kinase (ROCK) 2, SMAD-specific E3 ubiquitin protein ligase 1 (SMURF1), bone morphogenetic protein 7 (BMP7) and E2F transcription factor 4 (E2F4) were upregulated in COPD (red) while activin A receptor type I (ACVR1), SMAD7, ROCK1, latent TGFb binding protein 1 (LTBP1), TGFb receptor (TGFBR) 1 and TGFBR2 were downregulated (green). Several differentially expressed genes that are potential targets of differentially expressed miRNAs in the same tissue in the Wnt and focal adhesion pathways are shown in figures E2 and E3 in the online supplement. We chose to focus further attention on the interaction between miR-15b and SMAD7.
miR-15b localises to bronchial epithelium in COPD tissue
Based on in situ hybridisation for miR-15b in a representative case of a smoker with COPD as depicted in figure 6 , miR-15b localised to both the bronchial epithelium and alveolar wall in type II pneumocytes ( figure 6B,D) . In addition, miR-15b was evident in areas of emphysema as well as fibrosis (figure 6E). Minimal SMAD7 was detectable in these same regions. However, we detected SMAD7 in normal bronchial epithelium and stromal cells ( figure 6G,H) . Importantly, co-localisation studies using Nuance co-labelling showed that the expression of SMAD7 was decreased in the presence of miR-15b (figure 7). Colocalisation miR-15b and the epithelial-specific AE 1/3 demonstrated an intense yellow signal, thus serving as a positive control ( figure 7E,F) .
miR-15b targets SMAD7 in bronchial epithelial cells and alters TGFb signalling
SMAD7 is a predicted target of miR-15b ( figure 8A ). Overexpression of miR-15b in Beas2B bronchial epithelial cells resulted in decreased SMAD7, decorin and SMURF2 protein expression ( figure 8B ). Knockdown of miR-15b resulted in increased SMAD7, decorin and SMURF2 proteins. SMAD7 functions as an inhibitory SMAD in TGFb signalling. We therefore sought to determine if miR-15b manipulation and thus SMAD7 expression would alter the cellular response to TGFb. miR-15b overexpressing Beas2B cells exhibited increased early phosphorylated figure 8C ). miR-15b knockdown had the opposite effect with reduced early phosphorylation of SMAD3 ( figure 8C ) Lastly, we examined the effects of miR-15b on Beas2B proliferative and migratory capacity, both of which are altered by TGFb. Cells transfected with miR-15b demonstrated increased migration ( figure 8D ) and attenuated proliferative capacity (not shown).
DISCUSSION
We conducted a comprehensive analysis of miRNA and mRNA expression in whole lung samples from subjects with COPD compared with smokers without COPD and identified 70 differentially expressed miRNAs in COPD tissue compared with tissue from smokers without airflow limitation. miR-223 and miR-1274a were the most differentially expressed miRNAs with a near threefold increase in expression in COPD samples. miR1274a has yet to be well described, and recent studies suggest that it harbours significant homology with the transfer RNA Lysine 5 (tRNA Lys5 ). 31 tRNAs are primarily responsible for amino acid transfer. 31 Two recent studies demonstrated upregulation of miR-223 in murine lungs following exposure to aerosolised lipopolysaccharide and downregulation following exposure to cigarette smoke. 7 9 We compared our list of differentially expressed miRNAs with those previously reported in smokers by Schembri et al. 11 The miRNAs that were differentially expressed in our study as well as the previous report included miR-223, miR-18a, miR-106a, miR-146, miR-99a, miR-150 and miR-365. Of these differentially expressed miRNAs, however, miR-18a and miR-365 were the only ones that were increased in expression in both datasets. While the previous study examined airway epithelial cells, we examined whole lung tissue in this study. This may account for the differences in expression patterns. In our study we found increased expression of miR-146a in subjects with COPD compared with smokers without obstruction. The previous study by Sato and colleagues reported reduced expression of miR-146a in cultured fibroblasts from COPD subjects. 12 Again, this was a cell-specific finding as opposed to our whole lung expression analysis. Lastly, Van Pottelberge et al recently identified differences in miRNA expression (including decreased Let-7c) in induced sputum from smokers and individuals with COPD. 32 The authors determined that predicted target genes for Let-7c were enriched for in sputum from patients with COPD. Several genes that are part of the TGFb superfamily were differentially expressed in our data. We identified downregulation of BMP5 and BMP6, TGFbR1 and TGFbR2 and SMAD7. SMAD7 was of particular interest given that it is downregulated in bronchial biopsies of patients with COPD and serves as an inhibitory SMAD in TGFb signalling. 33 We validated SMAD7 expression in COPD lung tissue by qRT-PCR and by protein in a subset of patients (see figure E4 in online supplement) .
miR-15b, 424 and 107, which were all increased in COPD lung tissue, are members of the miR15/107 family. 34 Termed the AGCx2 miRNAs because of their common 5 9 end (AGCAGC), this group of miRNAs has been implicated in several processes including cell division, stress, angiogenesis and cancer. 34 Lung tissue from patients with GOLD stage 4 COPD had the highest expression of miR-15b compared with subjects with other GOLD stages and normal smokers (see figure E1 in online supplement) . We demonstrated that overexpression of miR-15b in a bronchial epithelial cell line reduced SMAD7, SMURF2 and downstream decorin protein. Conversely, knockdown of miR-15b resulted in increased SMAD7, decorin and SMURF2 proteins. Functionally, miR-15b manipulation altered early SMAD3 phosphorylation in response to TGFb treatment.
Wnt (Wingless and Int-1) signalling has been implicated in normal epithelial and mesenchymal function during lung development and dysregulation observed in lung cancer, pulmonary fibrosis and pulmonary hypertension. 35 Dysregulation of several Wnt pathway-related genes in COPD has recently been reported in COPD. 30 Expression of Wnt receptors frizzled homologue (FZD) 5 and FZD 7 were downregulated by 1.76-fold and 1.57-fold, respectively, in our data. With the integration of mRNA and miRNA profiling, we identified several miRNAs that may target the main hubs of this network (see figure E2 in online supplement).
In this study we have presented both mRNA and miRNAs in COPD lung tissue compared with smokers without obstruction. We recognise the limitations of this study, including the lack of phenotypic information of importance such as body composition, frequency of exacerbations, hypoxaemia, perception of dyspnoea or systemic involvement of disease. Our samples were defined by GOLD stages based on spirometric values. There is an inherent limitation in defining patients with COPD by these criteria alone since different phenotypes of disease exist in COPD. We were able to evaluate the available clinical information on these subjects, but factors such as oxygen use, inhaled Figure 7 Co-expression of miR-15b and mothers against decapentaplegic homologue 7 (Drosophila) (SMAD7) in the lung. This is a representative section of the lung of a subject with chronic obstructive pulmonary disease and associated increased pulmonary fibrosis. All panels are at 2003. (A) Regular colour image after coexpression of miR-15b (blue) and SMAD7 (brown). The images were analysed by the Nuance system which converted the miR-15b image to fluorescent blue (B) and the SMAD7 image to fluorescent red (C, note the stromal dominance). (D) Mixed image where the absence of fluorescent yellow indicates that the cells expressing miR-15b are mutually exclusive from those expressing SMAD7. As a positive control, (E) represents co-expression of miR-15b (blue) and AE 1/3 (brown) in the bronchial epithelium. (F) Co-localisation is evident by the intense yellow signal.
steroid use and time since the last cigarette use were not available in the dataset. In addition, we recognise the lack of reproducibility between high throughput studies of the transcriptome and proteome over the past decade. 36e38 These differences may be due to tissue heterogeneity and differences in platforms. However, overall, a few common gene ontology terms are consistently deregulated including cellular organisation and biogenesis, response to stress, organ development, cell adhesion and cellular metabolic process. 36e38 We propose several miRNAsdincluding members of the miR 15/107 familydthat deserve further investigation in the regulation of TGFb signalling in COPD. Expressed miRNAs and mRNAs viewed as networks should generate hypotheses about the key pathologies of inflammation and tissue destruction in this and other diseases of the lung.
